[1] Near-fault strong-ground motions (0.1-10 Hz) recorded during the Mw 6.3 2009 L'Aquila earthquake exhibit great spatial variability. Modeling the observed seismograms allows linking distinct features of the observed wavefield to particular source and propagation effects and provides insights on strong motion complexity from this moderate magnitude event. We utilize a hybrid integral-composite approach based on a k-square kinematic rupture model, combining low-frequency coherent and high-frequency incoherent source radiation and providing omega-squared source spectral decay. Several source model features, proven to be stable by means of an uncertainty analysis in the preceding low-frequency (<0.2 Hz) multiple finite-extent source inversion (Paper 1), were constrained. Synthetic Green's functions are calculated in a 1D-layered crustal model including 1D soil profiles to account for site-specific response (where available). The results show that although the local site effects improve the modeling, the spatial broadband ground-motion variability is to large extent controlled by the rupture kinematics. The modeling thus confirms and further constraints the source model features, including the position and slip amount of the two main asperities, the largest asperity time delay and the rupture velocity distribution on the fault. Furthermore, we demonstrate that the crossover frequency dividing the coherent and incoherent wavefield, often considered independent on the station position, has to be variable in order to adequately reproduce both near and far station recordings. This suggests that the incoherency of the radiated wavefield is controlled by the wave-propagation phenomena and/or the initial updip rupture propagation was very smooth (coherent) up to relatively high frequencies (>2 Hz).
Introduction
[2] On April 6, 2009, at 1:32:40 UTC, a Mw 6.3 earthquake struck the L'Aquila city, one of the largest urban centers in the Abruzzo region (Central Italy), causing 308 casualties and large damage in the town and surrounding villages. The earthquake occurred along a NW-SE trending normal fault, 15-20 km long, dipping about 45 SW [Chiarabba et al., 2009] . The hypocenter depth was estimated at about 9 km, located few kilometers southwest of the town center. This event represents the third largest earthquake recorded by strong motion instruments in Italy, after the 1980, Mw 6.9, Irpinia and the 1976, Mw 6.4, Friuli earthquakes.
[3] The earthquake has been recorded by several digital stations of the Italian Strong motion Network (Rete Accelerometrica Nazionale, RAN), operated by the Italian Department of Civil Protection (DPC). The collected records represent a unique data set in Italy in terms of number and quality of records, azimuthal coverage and presence of nearfault recordings [Ameri et al., 2009a; Zambonelli et al., 2011] .
[4] About 14 strong motion stations were located within 50 km from the earthquake epicenter, 5 of them within the surface projection of the estimated rupture plane. Detailed geological and geophysical information are available for these stations and are collected into the station monographs accessible through the Italian strong motion database (ITACA, http://itaca.mi.ingv.it). In particular, the site response characterization of stations in the epicentral area largely benefited from several research activities carried out after the earthquake, described by Gruppo di Lavoro M.S.-A.Q. [2010] and Cultrera et al. [2011] . An overview on site responses of the accelerometric sites, based on the analysis of strong motion recordings, is found in the work of Bindi et al. [2009] .
[5] Despite the moderate magnitude of the L'Aquila earthquake, the strong motion data in the vicinity of the fault depict a large variability of the observed shaking. Previous studies have shown that, although local site effects and wave propagation influenced the ground motion characteristics, the rupture process substantially contributes to the spatial distribution of the observed ground motion [Ameri et al., 2009a; Akinci et al., 2010] . Source inversion studies performed for the L'Aquila earthquake using strong motion and geodetic data showed that the rupture followed a complex pattern with a slip distribution composed by at least two asperities and a variable rupture velocity over the fault plane D'Amico et al., 2010; Scognamiglio et al., 2010] . Newly introduced multiple finite-extent inversion applied to the L'Aquila data, see the companion paper [Gallovič and Zahradník, 2011] (hereinafter referred to as Paper 1), confirmed the two major slip patches and suggested temporal delay ($3 s) of the deeper one.
[6] Broadband ground motion simulation techniques based on kinematic rupture models can be used to study the effect of source complexity on strong ground-motion records. Most of such methods simulate the ground motion by combining the synthetics computed with deterministic and stochastic (or semi-stochastic) approaches for the low-and high-frequency parts, respectively [e.g., Pitarka et al., 2000; Mai and Beroza, 2003; Gallovič and Brokešová, 2007; Hisada, 2008; Ameri et al., 2008; Mai et al., 2010; Graves and Pitarka, 2010] . These techniques are used to investigate past earthquakes [e.g., Aagaard et al., 2008; Ameri et al., 2009b] as well as to perform scenario-events studies [e.g., Graves et al., 2011] .
[7] One of the advantages of using forward modeling is that the effect of source input parameters on observed motions can be controlled and assessed individually. In this way, the most critical input parameter (if any) controlling the fit with the observed ground motion at a given station can be identified and insights on the source process can be retrieved by minimizing the difference between observed and simulated ground motions.
[8] In this study we investigate the ground-motion complexity observed during the 2009 L'Aquila earthquake performing broadband ground-motion simulations with a hybrid integral-composite technique based on a k À2 rupture model [Gallovič and Brokešová, 2007] . Starting from the Table 1 ). The inset shows a zoom on the near-fault (AQ_) stations. The earthquake epicenter and the surface projection of the rupture plane are indicated by the red star and the dashed rectangle, respectively. (right) Acceleration waveforms (North-South component), aligned on the earthquake origin time, recorded at selected sites around the fault. The peak ground acceleration values, the Joyner-Boore distance (R JB ) and the site classification according to EC8 are reported. Waveforms are band-pass filtered between 0.1 and 10 Hz. basic features of the multiple finite-extent inversion results, based on strong motion data at frequency below 0.2 Hz (see Paper 1), we "extend" the source model to higher frequencies, calculate broadband (0.1-10 Hz) synthetic seismograms and compare them with the recorded ground motions. We show that most of the observed complexity can be explained when properly combining site-specific and finite-fault effects. In particular, we test the effects of the rupture delay of the largest asperity, rupture velocity values, small-scale slip distribution and local site response. Finally, we investigate the relative contribution of coherent (i.e., deterministic) and stochastic processes in the ground-motion generation at different sites.
The April 6, 2009 L'Aquila Earthquake: Strong Motion Records
[9] The L'Aquila earthquake provided the most extensive set of high-quality near-fault strong motion records ever recorded in Italy for such a major event. It has been recorded by 14 stations within 50 km from the epicenter, 5 of them within the surface projection of the estimated rupture plane at distances less than 5 km from the epicenter (Figure 1 and Table 1 ). Three of these stations are part of an array deployed in the upper Aterno-river valley (AQG, AQA and AQV) whereas the other two (i.e., AQK and AQU) are in downtown L'Aquila. In the following we will refer to this group of near-fault stations simply as "AQ_."
[10] In Table 1 , the sites are classified according to the Eurocode 8 [Comité Européen de Normalisation, 2004] and the Italian Building Code (http://www.cslp.it/cslp/index.php?option=com_ docman&task=doc_download&gid=3255&Itemid=10) based on the shear wave velocity averaged over the top 30 m of the soil profile -V s,30 . The EC8 class each station has been attributed on the basis of direct measure of V s,30 or on geological/geophysical information [Di Capua, 2009; Di Capua et al., 2011] .
[11] The acceleration waveforms at eight stations distributed around the fault are shown in Figure 1 (right), pointing out the remarkable azimuthal dependence of recorded ground motions in terms of peak values, frequency content, envelope, and durations. The closest stations, AQU, AQV and AQA, few kilometers apart, have similar durations although the peak values and frequency content vary. GSA and FMG accelerations, recorded at similar epicentral distance on the footwall and hanging wall sides of the fault, respectively, display remarkable differences in peak values (more than 5 times larger at GSA than at FMG), duration and frequency content. Moreover, at both stations, but to a larger extent at GSA, the waveforms show two distinct wave packets of similar amplitudes that are not equally well visible on the other records. Stations ANT, CLN and AVZ are approximately located at similar distances, in the strike direction (NW-SE), but on opposite sides of the fault. Again, the records show substantial differences. The peak acceleration reported at ANT is 3 times smaller than that at the other two stations while CLN record has smaller duration.
[12] The complexity observed in the accelerations time series, can be also found in the velocity waveforms. The AQ_ records are all characterized by pulses at the beginning of the signal that have been interpreted as near-source effects [Ameri et al., 2009a; Chioccarelli and Iervolino, 2010] .
Methodology
[13] For the strong ground-motion modeling we use hybrid integral-composite (HIC) approach introduced by Gallovič and Brokešová [2007] . This model is designed mostly for the earthquake ground-motion simulations, providing omega-squared source spectrum. It is based on techniques developed by Andrews [1980] , Herrero and Bernard [1994] , Zeng et al. [1994] , Gallovič and Brokešová [2004] , among others.
[14] The source model is divided into subsources with number-size distribution characterized by fractal dimension D = 2. For simplicity, the subsources are assumed rectangular with sizes given by integer fractions of the fault length L and width W, i.e., of sizes L/n Â W/n, where level n = 2…N (in the present calculations we assume N = 8). Assuming constant stress drop scaling, the slip of the subsources is reciprocally proportional to the level n. For the particular number-size distribution the number of subsources at level n equals to 2n-1. For n > 2 the subsources are distributed randomly over fault plane with possible overlap.
[15] Assuming that the subsources are characterized by statistically the same slip distribution (i.e., they are selfsimilar), the resulting slip distribution over the whole fault has k-squared decay at high wave numbers k [Andrews, 1980] . Thus, we prescribe k-squared slip distribution on each of the subsources to mimic that it is again composed of smaller subsources. To simulate the source radiation being coherent at small wave numbers and incoherent at large ones, we divide the calculations into two frequency bands. In the low-frequency band we use the representation theorem (integral approach). This utilizes the k-squared slip distribution composed by the subsources and delta function as the slip velocity function. In the high-frequency range, we assume that the subsources radiate Brune's source time functions with proper seismic moment and corner frequency given by the sizes of the subsources, measured from their centers (composite approach). Note that the same set of subsources is used in both the integral and composite parts of the simulations. This way, the directivity effect is modeled in the low frequency range, while it disappears at high frequencies due to the incoherent summation of the contributions of subsources [Gallovič and Burjánek, 2007] . Such model is thus in agreement with the engineering expectation of directivity derived from the regressions of recorded ground motions of moderate-to-large earthquakes [Somerville et al., 1997; Spudich and Chiou, 2008] showing that directivityinduced amplification of ground motion can be recognized only in the low-frequency range (roughly below 1-1.5 Hz). However, whether these effects actually vanish at high frequencies due to rupture incoherencies and above which frequency they are no longer significant it is still a matter of debate [Boatwright, 2007; Cultrera et al., 2009] . In order to also reduce the effect of the radiation pattern at highfrequencies we assume AE30 random variations of the strike, dip and rake angles of the subsources in the composite part of the calculations.
[16] The integral and composite calculations are crossover combined in a given frequency band (see illustration in Figure 2 ). Note that this band implies up to which frequency the directivity effect is modeled. In the present paper we test several choices of the crossover band.
[17] The Green's functions for both calculations are computed by the discrete wave number technique, DWN [Bouchon, 1981] , either in general 1D layered model or in specific 1D models for the individual stations that include low-velocity subsurface layers, where available. The DWN technique provides full wavefield Green's functions; no stochastic Green's functions are used.
Crustal Propagation Model and Site Effects
[18] In order to calculate the Green's functions in the study region we use the 1D velocity model proposed by Bianchi et al. [2010] , based on receiver function analyses. We adopt the model derived at the FAGN station (belonging to the National Seismic Network (RSN, INGV-CNT) and localized close to the southeastern termination of the fault) because it is found in preliminary analysis to be more appropriate to Figure 2 . Example of calculation of hybrid broadband seismograms by combining integral and composite approaches. (top) Velocity seismograms and (bottom) Fourier amplitude spectra (FAS) from hybrid, composite and integral approaches. The combination of integral and composite seismograms is performed in the crossover frequency band (between bounding frequencies f1 and f2), where the synthetics spectra (both real and imaginary parts) are multiplied by weighting functions sin 2 (x) and cos 2 (x), with x = (p/2)((f À f1)/(f2 À f1)) and summed up (see Gallovič and Brokešová, 2007) . The figure shows that the hybrid seismogram contain more complexity than the integral one, while enhancing (coherent) directivity effect with respect to the composite one.
represent the general wave propagation over the whole study area ( Figure 3 , left and Table 2 ). The authors also provide another Vs profile for AQU station. The two models reveal strong differences for the shallow crust, whereas deeper features are similar. As reported by Bianchi et al. [2010] , the very high Vs values (>4 km/s) found underneath AQU are a localized feature absent beneath the FAGN station where Vs values are within limits usually observed for carbonate rocks.
[19] Beside the regional wave propagation characteristics we need to account, in the simulated seismograms, for the effect of amplification (or de-amplification) of seismic waves occurring in the shallow-most soil layers (i.e., in the last tens of meters). Such effects are known to significantly modify the amplitude, frequency content and duration of the ground motion at the surface and should to be considered to model the observed ground motion.
[20] Despite all the available information, to decide how to include site effects in the modeling is not straightforward. The appropriate way would be to calculate the Green's functions for site-specific soil profile at each station. However, this approach conflicts with the fact that soil profiles are not available at most of the stations. Other commonly used approaches that do not require the knowledge of the soil profile utilize empirically derived amplification functions either based on reference site methods or on single-stations measurements. However, such functions generally describe the amplification of Fourier amplitude spectra only and do not provide information of phase modifications. Moreover, the reliability of the amplification curves depends on the number and quality of available records at the stations or on the adopted reference rock site.
[21] In this paper, we opt for incorporation of site response only by including site-specific 1D soil layers in the crustal model; for five of the closest stations to the epicenter (Figures 1 and 3, Table 1 ) such 1D profiles are available (http://itaca.mi.ingv.it/ItacaNet/). In particular, stations AQA and AQV are installed on the recent alluvial deposits of the Aterno river, made of gravels alternated to thin layers of finer deposits, that reach the seismic bedrock, defined by shear velocities larger 800 m/s, at depth of about 30 m and 50 m, respectively (see Puglia et al. [2011] and Lanzo et al.
[2011] for details). Station AQG is installed on limestones Values are computed as V P = V S *1.86. and marly limestones and the seismic bedrock is reached at depth of 20-30 m. The GSA station is located on stiff soils (limestone and marls), the velocity profile shows some velocity increase in the first 10 m and a deeper layer with Vs of about 600 m/s down to 40 m. Below, a faster layer with a shear velocity of 1300 m/s is reported. Station AVZ is located on alluvial deposits and the Vs profile is characterized by a low velocity layer (about 200 m/s) for the first 35 m and a deeper layer with Vs of about 500 m/s that extends down to 160 m where the bedrock is found. For the remaining stations, the synthetics are computed using the 1D crustal model reported in Table 2 having a shear velocity at surface equal to 1700 m/s, without including site-specific effects.
[22] To properly describe the high-frequency spectral decay of synthetics, we adopt the k operator, introduced by Anderson and Hough [1984] . We set k = 0.03 s, that is a typical value for rock sites in central Italy [Bindi et al., 2004] .
Hybrid Source Model
[23] The source characteristics of the L'Aquila earthquake have been deeply investigated and a number of source models have been proposed based on analyses of strong motion, teleseismic, GPS, SAR and field data [Anzidei et al., 2009; Atzori et al., 2009; Cirella et al., 2009; Falcucci et al., 2009; D'Amico et al., 2010; Scognamiglio et al., 2010] . The rupture dimensions and location of the main slip patch are approximately shared by the various models.
[24] In this paper we use the same fault plane and mechanism as in Paper 1, i.e., a rectangular fault plane 20 km long and 15 km wide having a strike of 140 and dipping 50 toward southwest. The rake angle is À90 (pure normal-fault mechanism) and the hypocentral depth is 9 km (Table 3) . Such fault geometry and focal mechanism essentially agree with all the previous studies. We constrain the basic features of the kinematic rupture model according to the low-frequency inversion performed in Paper 1: namely (1) the approximate location of the two main asperities, (2) the time delay of the southeastern asperity rupture, and (3) the decrease of rupture velocity in the shallow parts of the fault.
[25] The final HIC source model used to calculate synthetic seismograms up to 10 Hz is reported in Figure 4 . The rupture time distribution is obtained assuming two rupture velocities (as marked also in Figure 4 ) and a nucleation point corresponding to the instrumental hypocenter. As suggested by the slip inversion, a rupture delay of the southern asperity by approximately 3 s is also included in the model. Although the low-frequency inversion suggests that the shallower subsource ruptured with a lower velocity than the deeper ones, the results show poor sensitivity to rupture velocity values. For this reason we test different values and set the final rupture velocity in the bottom and top part of the fault equal to Vr = 3 km/s and Vr = 2 km/s, respectively. Note that these values roughly corresponds to 85% of the average shear wave velocity at the relative depths.
[26] The final slip distribution is obtained constraining the positions of the three largest subsources (at level n = 2), that are characterized by the largest seismic moment, according to Paper 1. In particular, one of them is placed "above" the hypocenter and the other two are set in the southern bottom part of the fault. At levels higher than 2, the remaining 60 subsources are randomly distributed over the fault plane following the defined number-size distribution, composing random high-wave numbers details of the slip distribution.
[27] Finally, the stress drop of the whole event is set to 100 bars based on estimates by Bindi et al. [2009] and on comparison between observed and synthetic high-frequency level of the Fourier amplitude spectra (see an example in the auxiliary material).
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[28] Note that, since the main features of this model are retrieved by the low-frequency inversion, the success of the broadband modeling depends on whether or not the observed high-frequency ground motions are affected/controlled by the low-frequency source features.
Results: Modeling of Strong Motion Records
[29] The HIC method allows for relatively fast groundmotion simulations, thus we performed a large number of trial calculations with the aim to obtain the "best fit" with recorded data. The sensitivity of the results to the local site response, rupture velocities, slip distribution at high wave numbers, rupture delay of second asperity and crossover frequency between the integral and composite approaches is investigated. Some of these results at specific sites will be discussed in the next paragraphs. Note that no artificial sitedependent time shifts were made because the recordings are accompanied by correct timings. [30] The fit is judged according to the goodness-of-fit (GOF) criteria defined by Olsen and Mayhew [2010] . They proposed a GOF algorithm based on different metrics, among which we selected: Peak Ground Acceleration (PGA), velocity (PGV) and displacement (PGD), response spectral acceleration and smoothed Fourier spectrum averaged for periods between 0.1 and 10 s, energy duration 5-75% and cumulative kinetic energy. More details on the definition and selection of the different metrics can be found in the work of Olsen and Mayhew [2010] . The final GOF score is defined as GOF average (from 0 to 100) of the equally weighted abovementioned metrics.
[31] Based on these criteria, we define a so-called best model, whose main parameters are listed in Table 3 . Figure 5 presents an overview of the modeling results for this model, showing comparison of synthetic and observed acceleration and velocity waveforms for 11 selected stations (Table 1 and Figure 1 ).The GOF score is reported for each station and each component. Both the observed and simulated waveforms are band-pass filtered between 0.1 and 10 Hz. The results for all the stations are reported in the auxiliary material ( Figures S1-S9) , also including the comparison of observed and simulated Fourier amplitude spectra (FAS).
[32] In general, the synthetics reproduce well the observed waveforms, despite the simplicity of the propagation models and the lack of site response for the most of the stations. The duration of the strong motion phase is well reproduced as well as the acceleration and velocity peak values. Concerning near fault sites (AQ_ stations), the synthetics show the characteristic velocity pulses with amplitude similar to the observed ones, at least on one component. However, an underestimation in the amplitudes and a lack of some high-frequency phases is noticed on the horizontal components (particularly on the North-South one), suggesting that more complex effects related to the presence of Aterno valley or details of source rupture model could affect the ground motion at these sites.
[33] A comparison between observed and simulated acceleration response spectra (5% damping) and acceleration and velocity peak values, PGA and PGV, is presented in Figure 6 . For the best model, residuals are calculated as ln(Y obs /Y sim ), where Y is the ground-motion parameter (SA(f ), PGA, or PGV). The residuals are computed considering 15 out of the 19 stations presented in Table 1 , excluding four stations (CHT, MTR, ORC and SUL) that are characterized by dominant site-specific phenomena, not explainable with the considered propagation model (see figures in the auxiliary material). The model bias is obtained by calculating the mean and standard deviation of the residuals over all stations for the considered groundmotion parameters. Figure 6 presents the model bias separately for horizontal and vertical components. A model bias of zero indicates that the simulation, on average, matches the observed ground-motion level. A negative model bias indicates overprediction of the observations and a positive model bias indicates underprediction of the observations.
[34] The comparisons shown in Figure 6 exhibit little systematic model bias across a wide frequency range. The standard deviation ranges from about 0.3 to 0.7 natural log units. There is a tendency to underestimate spectral ordinates above 1 Hz on all components that can be ascribed to the lack of site-specific amplifications at most of the stations. Only for the NS component the underestimation extends also to lower frequencies. As mentioned above, such underestimation is related to the AQ_ stations.
[35] Figure 7 compares the observed and simulated PGA and PGV (geometric mean of NS and EW components) as a function of distance. The distance-decay of the observed peak values is well described by the synthetic ones, although at few stations, where the site-specific effect is not considered, the underestimation is remarkable (examples are ORC and CHT stations, see the waveform comparisons in the auxiliary material). The peaks are also compared with estimates from empirical ground motion prediction equations (GMPEs) for the Italian territory [Bindi et al., 2011] . Interestingly, the decay of the observed amplitudes for rock sites (EC8 class A) is better described by the simulated values than by the median estimates from the adopted GMPEs, at least over the distance range considered in our modeling. This result indicates that the ground motion in the epicentral [36] In the following we discuss some interesting features of the modeling, illustrating the distinct sensitivity of individual station recordings to various properties of the source/ propagation models. We mostly concentrate on near-fault stations, especially those with available 1D soil profile.
Effect of 1D Soil Profiles
[37] As explained in section 4, at five stations we simulate the ground motion including a 1D site-specific subsurface structure (see Figure 3) . The introduction of the site-specific soil profile into calculation of the Green's function allows to better evaluate the site effects, taking implicitly into account the incoming wavefields with proper incident angles at the base of the profile.
[38] Figure 8 illustrates the importance of including such site-specific shallow layers to reproduce spectral amplitudes and waveform durations. Synthetic acceleration and velocity seismograms and acceleration FAS, calculated including or not the 1D soil profiles (red and gray color in Figure 8 , respectively), are compared with observed ones at four sites. Indeed, the soil response effectively enhances the ground motions, especially above 1 Hz (see the comparisons of FAS in Figure 8 , bottom).
[39] The most dramatic effect is observed at station AVZ where the FAS are increased 5-10 times over a broad frequency band. Accordingly, the velocity and acceleration wavefields are also enhanced, however, by a smaller factor. The large amplifications of the FAS is also due to the modeling of later phases generated by the wave propagation in the shallow layers, resulting in longer duration of the simulated records. The large amplification and duration lengthening at AVZ station are caused by the thick soft sediments of the Avezzano Plain over which the station is located. Site amplification effects at AVZ are also clearly recognized by empirical studies [Bindi et al., 2009] that reported large amplifications (>5) for frequencies around 1 Hz.
[40] At the other stations the effect of the adopted 1D soil profile is lower. The durations are more or less preserved. The shape of velocity synthetics is only slightly modified (see, e.g., station GSA). In particular, at AQA and AQV, the large-amplitude waves between the wave packages coming from the two asperities remain unexplained. These differences are related to features not included in the adopted model, such as 3D crustal effects and/or additional complexities of the source model. The latter might be related to rupture propagation effects that we substitute in our model by the delay of the second asperity (see next section). Equally, there might be some slip complexities in the upper part of the rupture not resolved by the inversion. However, any such conclusions would have to rely on more precise Green's functions, taking into account, e.g., all possible reverberations of the complex 3D valley in the area.
Effect of the Delayed Asperity
[41] As already explained above, the slip inversion in Paper 1 suggests approximately 3 s rupture delay of the southeastern deep asperity (Figure 4 ). Figure 9 shows comparison with observed data in terms of acceleration and velocity time series and normalized Husid plots (cumulative squared acceleration) for the best model and a model neglecting the asperity delay. Four stations, having different distances and positions around the fault and being sensitive to this particular source feature, are shown.
[42] The best-model seismograms (red traces in Figure 9 ) well reproduce the major features of the observed time series, such as acceleration envelope, velocity pulses and the high-frequency content of the records. Acceleration records exhibit two wave groups at stations AQA and GSA. They are well explained by the delayed asperity, as can be seen when compared with the synthetics for the non-delayed model (gray traces in Figure 9) . Interestingly, at the other two more distant stations (CLN and CSO) the two wave groups overlap. At these stations the non-delayed model results in early wave arrivals compared to what actually observed.
[43] In the velocity waveforms, the effect of the delayed asperity is best visible at CLN and partially at CSO and GSA stations. Indeed, at CLN, the model without the asperity delay exhibits a strong pulse at the beginning of the waveform, which is not present in the observed data. It is interesting to note that due to the position of CLN station with respect to the fault, the energy-time distribution is mainly controlled by the rupture time of the stronger SE asperity.
[44] The normalized Husid plots emphasize that the delayed-asperity results better capture the energy-time distribution of the observed data. Thus the broadband modeling confirms the significance of the rupture delay of the deeper asperity.
Effect of Rupture Velocity
[45] As explained in section 5, the best model is characterized by Vr = 3 km/s in the bottom part of the fault and Vr = 2 km/s in the upper part (see also Figure 4 ). Figure 10 shows the synthetic ground motions at AQA and GSA stations calculated for different rupture velocity values. As example, we show the acceleration and velocity seismograms obtained by removing the rupture velocity decrease in the shallow part of the fault and by extending the rupture velocity value in the shallow part to the whole fault. In the first case (i.e., Vr = 3 km/s all over the fault) there is a clear enhancement of mid-and high-frequency amplitudes. The peak values are not substantially affected at AQA station and the major effect is the appearance of a second large velocity pulse whereas the first one remain unaffected. This second pulse is not observed in the recorded waveform suggesting that that the first pulse is related to the initial phase of the updip rupture propagation (i.e., between the hypocenter and 5 km depth). At GSA stations the observed velocity amplitudes are largely overestimated, demonstrating that the rupture velocity decrease in the shallow part of the fault is necessary to correctly model this updip station.
[46] In the second example (i.e., Vr = 2 km/s all over the fault) the waveforms at AQA show much smaller amplitudes and no strong velocity pulse is observed. For GSA, the small rupture velocity does not have a large effect at velocity waveforms, while the acceleration record is rather underestimated.
Effect of Slip Distribution at High Wave Numbers
[47] As explained in Section 5 we constrained the positions of the three largest subsources at level n = 2 of the HIC source model in order to reproduce the distribution of asperities retrieved in Paper 1. At levels larger than 2 the remaining 60 subsources are randomly distributed over the fault plane following the defined number-size distribution, composing random high wave numbers details of the slip distribution. The results presented so far are calculated using one single realization of the random distribution of these subsources (i.e., for one slip distribution). In Figure 11 , we show the effect of 6 different realizations of the slip distributions, obtained by using different seeds in the random generator, on the ground acceleration and velocity simulated at AQA and GSA stations. As expected, the effect is stronger at AQA that is closer to the fault rupture, being sensitive to the details of the slip distribution. The ground motion amplitudes around 0.7-1 Hz are remarkably affected (mostly due to varying position of level 3 and 4 subsources) and, for some slip distributions, the velocity pulse amplitude decreases substantially. Examining the six models (labeled from 1 to 6 in Figure 11 ) we note that the larger lowfrequency spectral content of models 1 and 5 with respect to the others is somehow related to the amount of slip "above" the hypocenter and toward the northwestern termination of the fault plane. At GSA station the six slip distributions produce less ground motion variations.
Effect of Crossover Frequency Band: From Integral to Composite Approach
[48] The crossover frequency range in the HIC model is a subject of choice. We remind the reader that this frequency divides the low-frequency (coherent/deterministic) and highfrequency (incoherent/stochastic) parts of the simulated wavefield. In other applications [Gallovič and Brokešová, 2007; Gallovič and Burjánek, 2007; Ameri et al., 2009b; Zollo et al., 2009; Ameri et al., 2011] , this range was set up around frequency of 1 Hz. The present application, dealing with stations located basically above the fault, deserves a more careful investigation of the crossover frequency value. Thus, Figure 12 shows comparison of observed velocities with synthetics for two crossover frequency ranges (1.5-2 Hz in red and 0.15-0.6 Hz in gray) at six selected stations around the fault located at increasing distance. The comparison is shown for velocity time series because (unlike the accelerations) the velocities are more sensitive to this lowto-intermediate frequency range. Note that when the crossover frequency range is set up to the smaller values, the HIC model becomes almost a purely composite model.
[49] At AQU and AQA stations, the arrival of the observed waveforms starts with a distinct onset and a strong directivity pulse. Both the onset and the pulse are better explained when the higher crossover frequency range is considered (i.e., 1.5-2 Hz). This means that the very close stations require the wavefield to arrive coherently up to the relatively high frequencies of 2 Hz. On the other hand, at GSA and CLN stations, located in the updip and along-strike rupture propagation directions, respectively, a better fit is obtained with the lower crossover frequency range (i.e., 0.15-0.6 Hz). At these stations, the integral part of the model produces too large low-frequency amplitudes due directivity effects that are not equally observed in the records. Slightly more distant stations, represented in Figure 12 by FMG and LSS (located in backward directivity directions) are less sensitive to this choice. Nevertheless, comparison of waveforms and FAS at these two and other stations indicate preference of lower crossover range.
[50] Figure 12 demonstrates that the use of higher crossover frequency range allows modeling the long-period pulses in velocity records observed at the closest stations by Figure 10 . Effect of the rupture velocity. Recorded (black), best model (red), Vr = 3 km/s over the whole fault (gray, upper) and Vr = 2 km/s over the whole fault (gray, lower) ground-acceleration and velocity waveforms (one horizontal component) at two selected sites (indicated in Figure 1 ). The numbers between brackets are the goodness-of-fit score. means of the integral approach. The lower frequency range for the further stations suggests that a purely deterministic modeling of rupture directivity is not suitable in this case, and that the stochastic (composite) approach is needed in almost the whole frequency band.
Discussion and Conclusions
[51] In the present paper we investigated the near-fault recordings of the Mw 6.3 2009 L'Aquila earthquake in a broad frequency range (up to 10 Hz) using a kinematic Hybrid Integral-Composite (HIC) earthquake source model. The recordings exhibited strong azimuthal and distance dependence. The main advantage of the HIC model was the consistent combination of low-frequency coherent and highfrequency incoherent ground motions, calculated by the use of the representation theorem and the composite approach, respectively. Several major parameters of the source model were constrained according to the preceding low-frequency (<0.2 Hz) inversion by means of the multiple finite-extent source model (see Paper 1). The considered stable major source parameters included position of the two main asperities (located, respectively, updip and southeast along-strike from the nucleation point), decrease of rupture velocity in the shallow part of the fault and time delay of the deeper asperity rupture. Other parameters of the HIC source model (namely, rupture velocity value, small scale slip distribution and stress drop) were investigated by comparison with observed records.
[52] The Green's functions were calculated in a 1D-layered crustal model including 1D soil profiles, where available, to account for site-specific response at the accelerometric stations. We demonstrated that the use of site-specific Green's functions improved the modeling results significantly in case of thick sediments layers (AVZ station). The variability observed at the considered near-fault sites was only partially related to local site amplification as it was also controlled by the rupture kinematics.
[53] Overall, the modeling results showed a remarkable fit with observed records despite the relative simplicity of the propagation models and the lack of site-specific amplification for most of the stations. Moreover, the decay of the observed PGA and PGV was better captured by synthetic values than by median estimates from regional GMPEs, suggesting that the predictions provided by such simple equations should be interpreted cautiously.
[54] We stress that in this study the broadband HIC source model, that was built on the basis of a low-frequency source inversion (see Paper1), prescribes a coherent rupture for lowfrequency seismograms and incoherent (complex) rupture for the high-frequency ones. Implicitly, the 'high-frequency' (HF) sources, representing the complex rupture, are located in the centers of the 'low-frequency' (LF) asperities. Note that such approach does not always guarantee successful modeling of broadband ground motions. For instance, for huge (mostly) megathrust events there is an increasing evidence that the HF sources are adjacent to the LF asperities [Meng et al., 2011a; Meng et al., 2011b; Simons et al., 2011; Koper et al., 2011] . The small model bias across a wide frequency range supports the choice of the model parameters as well as the performance of the HIC approach to "extend" the low-frequency source model to higher frequencies, showing that, in the present case study, the HF radiation is co-located with the LF one. Nevertheless, a devoted study employing high-resolution back-projection techniques would have to be performed to eventually constrain the mutual location of the LF and HF sources.
[55] The main advantage of the modeling was that it allowed linking distinct features of the observed wavefield to particular source and propagation effects and provided insights on strong motion complexity from this moderate magnitude event. We showed that the source model complexities constrained from the kinematic inversion in the low-frequency range directly affected the strong-ground motion recordings also at higher frequencies. This was illustrated on example seismograms where the sensitivity to several source model features was shown.
[56] In particular, (1) the two slip asperities in the rupture model were necessary to explain the ground motion at the closest sites, where two distinct wave groups were clearly visible on recorded waveforms (e.g., AQ_, GSA stations).
(2) The rupture delay of the southeastern asperity and the along-strike rupture propagation were essential to understand the CLN, GSA and CSO records. (3) The updip rupture propagation correctly explained the ground motion at GSA station. Tests regarding the effect of rupture velocity distribution on ground motion at this site showed that the decrease of rupture velocity in shallow part of fault was required to correctly fit the velocity waveforms, whereas larger rupture velocity values would have overestimated the observed amplitudes. (4) The near-fault AQ_ records were mainly controlled by the early phases of the rupture propagation that were responsible for the velocity pulses. The southeastern asperity, characterized by larger slip, generated the smaller later arrivals.
[57] The requirement of the rupture delay of the southeastern asperity to fit most of the near-fault records suggested that the earthquake might had experienced a first phase of rupture propagation in the updip direction and a second phase in the along-strike direction. It is not clear whether the two phases were separated by a rupture arrest or a slow-down of the rupture velocity. In any case, the earthquake can be regarded as a double event. Further studies should be performed to understand the dynamics of the L'Aquila earthquake in this respect.
[58] To obtain a better fit with the observed data we founded that the crossover frequency dividing the lowfrequency coherent (integral) and high-frequency incoherent (composite) wavefields had to be variable, with larger values (>1.0 Hz) for the very close stations and smaller (<1 Hz) Figure 12 . Effect of the crossover frequency range. (top) Recorded (black) and simulated ground-velocity waveforms at six selected sites (indicated in Figure 1 ) are compared. The synthetics are calculated with two different crossover frequency ranges: 1.5-2 Hz (red waveforms) and 0.15-0.6 Hz (gray waveforms). The numbers between brackets are the goodness-of-fit score. (bottom) Smoothed acceleration Fourier amplitude spectra (FAS). Vertical lines mark the central frequencies of the lower (gray) and higher (red) frequency bands. Note that in this figure (unlike the others) the red seismograms does not represent the best model in all cases.
for more distant stations. Note that, typically, broadband simulation methods that combine the deterministic calculations at low frequency with stochastic approaches at high frequencies, use central crossover frequency constant at 1 Hz [e.g., Kamae et al., 1998; Hartzell et al., 1999; Graves and Pitarka, 2010] . This choice is based on the seismological observation that source radiation and wave-propagation effects tend to become random at frequencies above f ≈ 1 Hz [e.g., Pulido and Kubo, 2004] . However, it sounds reasonable to expect that the frequency of transition between coherent and incoherent contributions varies also with magnitude and with distance [Frankel, 2009; Mai et al., 2010] . Frankel [2009] investigated the magnitude dependence of the transition frequency by comparing simulated spectral accelerations from scenario events with empirical GMPEs. He used a transition frequency of 2.4 Hz for the Mw 6.5 ground motion simulations, which is close to our crossover frequency-band upper limit for the AQ_ stations. However, it is hard to compare his and our results because: (1) Frankel assumed the transition frequency based on comparison of strike-normal and strike-parallel Fourier spectra recorded at Rinaldi near-fault station during the Mw 6.7 Northridge earthquake; and (2) the distance dependence of the transition frequency was not investigated by the author. Spudich and Chiou [2006] compared the strike-normal to strike-parallel ratio of spectral acceleration for NGA strong motion data set (for Mw > 6) with that calculated from an approximation of theoretical double-couple S-wave radiation pattern in order to find an optimal water level preventing zero amplitudes in nodal directions. Indeed their results can be seen as an indication of the coherent/incoherent character of the records as a function of source-to-site distance and frequency. Spudich and Chiou [2006] indicated that the effect of theoretical radiation pattern, that we modeled in the integral part of the method, was seen in the data at very close distances (0-5 km from the rupture) even at relatively high frequencies ($2 Hz) whereas it decreased with increasing distances with a trend depending on the frequency.
[59] Our finding of the different preference of the crossover frequency (i.e., 1.5 Hz and 0.3 Hz central frequencies, Figure 5 ) by close and distant stations on one hand supports the distance dependence of the crossover frequency, ascribing propagation effects as the main cause of incoherency of ground motions. On the other hand, the updip propagation along the first asperity could have been very smooth (i.e., associated with negligible variations of the rupture parameters), without generating much incoherent high-frequency radiation. In this hypothesis we assume that the incoherency of the observed wavefield is mainly linked to heterogeneity of the source process. Combination of both features is most likely. This topic should be further investigated using nearand far-fault strong motion data from other earthquakes and dynamic modeling of heterogeneous ruptures.
[60] Concerning the near-fault AQ_ stations we have to admit that, although the main features of the waveforms were well reproduced, particularly for the east-west and vertical component, the simulations still pose some problems and we lacked energy after the large-amplitude arrivals. Critical aspects in this regard are: (1) the proximity of the stations to the point-sources, that may cause problem in the composite part (high-frequency) of the model; (2) the more complex radiation pattern for near-fault stations with respect to the simple double-couple radiation pattern adopted in HIC model at low-frequencies [Pulido and Kubo, 2004] . We tested that small variations of the fault strike in the lowfrequency calculations did not eliminate the underestimation of the N-S component. This limitation likely lies in the use of a 1D crustal model whereas a fault embedded in a 3D medium would perhaps improve the modeling of radiation pattern even at low frequencies [e.g., Gallovič et al., 2010] . (3) The slip distribution (at small scale) in the vicinity of the hypocenter. The variability of the ground motion for different high wave numbers slip distributions was noticeable in some case and we cannot exclude that some model could enhance the North-South amplitudes. Indeed, we stress that the high wave numbers details of the slip distribution that we used in this paper as "best model" should not be acknowledged as the best slip model for the earthquake. As such, it is only the best among the few tested random distributions in explaining the records, i.e., capturing the main broadband features of the near-fault records. However, some other high wave numbers random slip distribution could provide similar or better fit to the data, although determining such model cannot be the aim of this paper due to the other limitations of the modeling. (4) 3D site-effects due to wave propagation within the Aterno Valley basin might be important to explain the ground motions observed at AQ_ stations. Further studies should be performed in order to investigate the different causes.
[61] The presented results have strong conclusions not only to earthquake physics (see also Paper 1), but also to ground-motion simulations for hazard analyses and earthquake engineering applications. The set of scenario events should be enriched to include also models with characteristics found for the L'Aquila earthquake. The doublet character of the event has direct consequences on duration of the records, that is critical to assess the cyclic seismic response of structures. The variable crossover frequency, playing an important role especially at near-fault distances, should be also taken into account in scenario studies. Purely composite and/or stochastic models without the possibility of modeling the coherent low-frequency wavefield by the integral approach would meet difficulties when explaining the near-source directivity pulses observed at AQ_ stations. Correct modeling of pulse-type records is of great relevance to earthquake engineering because their seismic demand and spectral shape are different with respect to ordinary records and can generate much higher damage.
